T he role of pharmacokinetic-guided dosing of factor concentrates in hemophilia is currently a subject of debate and focuses on longterm prophylactic treatment. Few data are available on its impact in the perioperative period. In this study, a population pharmacokinetic model for currently registered factor VIII concentrates was developed for severe and moderate adult and pediatric hemophilia A patients (FVIII levels <0.05 IUmL -1 ) undergoing elective, minor or major surgery. Retrospective data were collected on FVIII treatment, including timing and dosing, time point of FVIII sampling and all FVIII plasma concentrations achieved (trough, peak and steady state), brand of concentrate, as well as patients' and surgical characteristics. Population pharmacokinetic modeling was performed using non-linear mixed-effects modeling. Population pharmacokinetic parameters were estimated in 75 adults undergoing 140 surgeries (median age: 48 years; median weight: 80 kg) and 44 children undergoing 58 surgeries (median age: 4.3 years; median weight: 18.5 kg). Pharmacokinetic profiles were best described by a two-compartment model. Typical values for clearance, inter-compartment clearance, central and peripheral volume were 0.15 L/h/68 kg, 0.16 L/h/68 kg, 2.81 L/68 kg and 1.90 L/68 kg. Interpatient variability in clearance and central volume was 37% and 27%. Clearance decreased with increasing age (P<0.01) and increased in cases with blood group O (26%; P<0.01). In addition, a minor decrease in clearance was observed when a major surgical procedure was performed (7%; P<0.01). The developed population model describes the perioperative pharmacokinetics of various FVIII concentrates, allowing individualization of perioperative FVIII therapy for severe and moderate hemophilia A patients by Bayesian adaptive dosing.
Introduction
Hemophilia A is an X-linked hereditary bleeding disorder characterized by a deficiency of coagulation factor VIII (FVIII). Current management of hemophilia patients consists of replacement therapy with plasma derived or recombinant factor concentrates in case of acute bleeding ("on demand") or to prevent spontaneous or perioperative bleeding ("prophylaxis"). The aim of long-term prophylactic treatment is to prevent severe joint damage and subsequent long-term invalidity by raising FVIII trough plasma concentrations to at least 0.01 IUml -1 .
1,2 To acquire adequate hemostasis in the surgical setting, normalization of coagulation factor levels is advocated for 7-14 days after surgery in most perioperative protocols. 3 Treatment with factor concentrates is costly. In the Netherlands, total annual costs of replacement therapy are estimated at more than 130 million euro and include costs for prophylactic and "on demand" treatment. [4] [5] [6] [7] In the Canadian Hemophilia Registry, perioperative consumption amounts to 1%-3% of the total annual amount administered. 8 As we have reported earlier, coagulation factor plasma concentrations as recommended by National and International Guidelines are often exceeded in the perioperative setting to avoid lower plasma concentrations and a possibly higher bleeding risk, with additional costs. 9, 10 In a retrospective analysis of hemophilia A patients undergoing surgery, 45% of FVIII plasma concentrations were below the target range during the first 24 hours after surgery and 75% of the plasma concentration were above the target range after six days of hospitalization. In addition, a reduction of 44% in factor concentrates could have been reached if plasma concentrations had been maintained within target levels in the perioperative setting. 9 In the prophylactic setting, Carlsson et al. have shown that FVIII consumption can be significantly reduced by application of pharmacokinetic (PK) modeling to individualize dosing regimens. [11] [12] [13] [14] In the perioperative setting, Longo et al. have reported excessive FVIII consumption and clearance in 50% of surgical hemophilia patients due to unidentified factors. 15 This suggests mechanisms of increased clearance due to hemostatic challenges during surgery. Although an initial preoperative factor concentrate bolus dose may be individualized by individual PK parameters obtained after an individual PK profile based on a prophylactic population PK model, this may not be applicable as soon as a surgical procedure is initiated. A perioperative population PK model, however, would make PK-guided iterative adaptive Bayesian dosing with a potential concomitant decrease of factor concentrate consumption possible. During this procedure individual PK parameters are iteratively up-dated by combining PK information (e.g. dose, concentration, time) from the individual patient with a priori PK information (e.g. average clearance, variability) from the population. But this information is not currently available and has, therefore, never been performed.
In order to construct a perioperative population PK model of this kind, to facilitate Bayesian adaptive dosing in severe and moderate hemophilia A, we collected detailed retrospective FVIII infusion data in patients who had undergone surgery under replacement therapy with various similar FVIII concentrates from five hemophilia treatment centers. . 3 The following retrospective data were collected: FVIII dosages, detailed timing of administration and timing of FVIII blood sampling, mode of infusion (continuous or bolus infusion), all achieved FVIII plasma concentrations (both trough, peak and steady state plasma concentrations), patients' and surgical characteristics, and concomitant medication with a possible effect on hemostasis (i.e. tranexamic acid, heparin, desmopressin and non-steroidal anti-inflammatory drugs). Patients' characteristics included: body weight, length, lean body mass, 16, 17 body mass index (BMI), 18 blood group, von Willebrand Factor (VWF) antigen and VWF activity (historically measured), liver and renal function, clinical bleeding phenotype, history of FVIII inhibiting antibodies, intensity of prophylactic dosing regimen, brand of concentrate, and treatment center. Surgical characteristics included type and severity of surgical procedure categorized into minor, major and high risk according to Koshy et al. 19 In all centers, FVIII plasma concentrations were measured by one-stage clotting assays. The study was not subject to the conditions of the Medical Research Involving Human Subjects Act, as patient data were analyzed anonymously. The study was approved by all local Medical Ethics Committees; one center required prior patient informed consent.
Methods

Patients' characteristics and data collection
H. Hazendonk et al.
1160
haematologica | 2016; 101(10) 
Pharmacokinetic modeling
Population PK is defined as the study of sources of variability in drug concentrations after dosing that occurs both in individual patients and between patients. 20 In the present population analysis, all plasma concentration time points were analyzed simultaneously using non-linear mixed-effects modeling software (NON-MEM v.7.2.0; Globomax LLC, Ellicott City, Maryland, USA). 21 All PK-related abbreviations and terminology are described in Online 22 were used for data set checkout, exploration and model diagnostics. Pirana software was used as an interface between NONMEM, R and Xpose. 23 Model diagnostics included the evaluation of the goodness of fit plots, the objective function value (OFV), the precision of the parameter estimates and the shrinkage of estimated random parameters. The OFV is a measurement of goodness of fit of the model and is proportional to minus two times the logarithm of the likelihood (-2log likelihood) of the data. Competing hierarchical models were compared by calculating the difference between their OFV. This ratio is assumed to be χ 2 distributed. Therefore, if models differ by one parameter, a decrease in OFV of 3.84 corresponds to P=0.05 (1 degree of freedom) and OFV decreases of 6.63 and 10.8 correspond to P=0.01 and 0.001, respectively.
Structural model development
FVIII plasma concentrations were described by a two-compartment PK model. Estimated (fixed) parameters were clearance (CL), volume of distribution of the central compartment (V1), intercompartment clearance (Q), and volume of distribution of the peripheral compartment (V2). The structural model also accounted for the individual endogenous baseline FVIII plasma concentration. PK parameters were allometrically scaled to account for the wide range of body weights of both adult and pediatric patients. An allometric power model was used with power exponents fixed at 0.75 for clearances and 1.0 for volumes of distribution, 24 as described in the following equations:
In this expression, CL i and V i are the typical clearance and central volume of distribution for an individual i with body weight BW i while θ CL and θ V1 are the respective parameter values for a subject with a body weight of 68 kilogram. haematologica | 2016; 101(10) Figure 1 . Perioperative FVIII plasma concentrations and visual predictive check for observed FVIII plasma concentrations. Perioperative FVIII plasma concentrations consist of trough, peak and steady state concentrations for both modes of therapy (continuous infusion and bolus infusion therapy). Visual predictive check for the observed FVIII plasma concentrations, given the final model. Observed FVIII plasma concentrations and mean, 5 th percentile and 95 th percentile observed and simulated FVIII plasma concentrations. Table 3 . Model-building steps resulting in significant decreases in objective function value (OFV). The random parameters inter-individual variability (IIV) and inter-occasion variability (IOV) of the PK parameters were estimated using an exponential function according to: = × ( + ) where η i and k i represent the IIV and IOV, respectively, and are assumed to be symmetrically distributed with a mean of 0 and an estimated variance of ω 2 and p
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. IIV and IOV were included in the model if shrinkage was less than 20%. 25 The structural model also accounted for under prediction of plasma concentrations of a Bdomain deleted product (Refacto ® ) due to known discrepancies and influence of one-stage laboratory assays on plasma concentrations, 26, 27 as described:
C pred,bdp = C pred x (1 -θ bdp ) Where C pred,bdp and C pred are the predicted concentrations of the B-domain deleted product ( bdp ) and other products, respectively, and θ is the fractional decrease in concentration. Residual variability in FVIII concentration was described using a combined error model.
Covariate search
After obtaining the structural model individual empirical Bayesian estimates were obtained for all PK parameters. Correlations between these parameters and patients ' and surgical A perioperative population pharmacokinetic model haematologica | 2016; 101 (10) 1163 characteristics, and the use of concomitant medication were explored graphically. All covariates were tested in a univariate analysis. The most clinically relevant and statistically significant covariate was retained in the model: a stepwise forward approach was used to determine clinical and statistically significant covariates with P<0.05. Backward elimination was performed to confirm that all included covariates in the final model were statistically significant with P<0.01. As the occurrence of a bleeding complication could not be related to actual FVIII plasma concentrations, 9 occurrence of a bleeding complication was not included in the final model. Moreover, only a limited difference in clearance was observed between patients with and without a bleeding complication (7%). Also, time dependent changes in clearance were tested during the perioperative period.
Final model and model evaluation
The stability and performance of the final model was checked using an internal validation procedure via the bootstrap resampling technique in which 1000 bootstrap datasets were generated by random sampling with replacement. 28 Visual predictive check plots obtained after Monte Carlo simulations of the study population were used to evaluate if the final model adequately described observed data.
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Results
Patients and treatment in the perioperative setting
Our cohort consisted of 119 hemophilia A patients haematologica | 2016; 101(10) undergoing a total of 198 surgical procedures, as described previously. 9 Patients were treated for up to two weeks after surgery according to the National Hemophilia Consensus (Table 1) . 3 Treatment consisted of a pre-operative bolus infusion of approximately 50 IU kg -1 followed by a treatment scheme with either bolus infusions or continuous infusion therapy based on a clearance rate of 3-4 mL kg -1 hour -1
. General characteristics of these included patients are shown in Table 2 . Seventy-five patients underwent only one surgical procedure. Half of all patients had blood group O (51%). In 3% of all surgical procedures a severe bleeding complication occurred, defined as necessity of a red blood cell transfusion (RBCT) and/or necessity of a second surgical intervention, which could not be related to FVIII plasma concentrations. In total, 1389 FVIII measurements were obtained, equally distributed on consecutive days in the perioperative setting (Figure 1 ). Approximately 7 samples per patient were taken in the perioperative period. In summary, 45% of FVIII plasma concentrations were below the target range in the first 24 hours and 75% were above the target range after six days of hospitalization (Table 1) .
Pharmacokinetic modeling
Structural model development: time profiles of FVIII plasma concentrations were best described by a two-compartment model with allometric scaling for body weight (Figure 2) . By allometric scaling, all estimated PK parameters were normalized for a body weight of 68 kg. Model building steps that resulted in significant decrease of the OFV, and consequently a better fit of the model, are shown in Table 3 . In the structural model, typical values for CL and V1 were 190 mL/hour/68 kg and 3030 mL/68 kg (Table 4) . It was possible to estimate IIV for CL and V1, whereas estimates for IIV of Q and V2 were imprecise and accompanied by a large shrinkage of more than 40%. 25 Although this may suggest that there was no inter-patient variability in Q and V2, this is due to the fact that the available data were not sufficiently informative. The IIV for CL and V1 were respectively 45% and 29%, underlining the importance of tailoring therapy to the individual. Estimation of IOV on CL and V1 resulted in high shrinkage values for both parameters (34% and 46%, respectively); consequently IOV was not included in the model. Inclusion of individual endogenous baseline FVIII plasma concentrations and inclusion of a structural underprediction of plasma concentrations using a B-domain deleted product improved the model. A proportional underprediction of 0.34 (34%) in FVIII plasma concentration was estimated for this product. The residual error was described using a combined error model.
Covariate search: in the univariate analysis, significant covariates of clearance were age (P<0.001), blood group (P<0.01), severity of surgical procedure (P<0.01), lean body mass (P<0.01), use of tranexamic acid and heparin (P<0.05), historically measured VWF antigen and activity levels (P<0.05). Treatment center and type of product were not significant covariates. After the step forward analysis, only age, blood group, and severity of surgical procedure were significantly associated with clearance. After the inclusion of age in the model, VWF antigen and activity levels were no longer statistically significant. Age was also associated with V1 (Table 3 ). Different models were used to test possible time dependent changes in clearance during the perioperative period; however, no differences were observed. Differences in residual error were detected for the different centers.
In the final model, IIV of CL decreased from 45% towards 37% after inclusion of these covariates. IIV of V1 decreased from 29% to 27%. The PK parameter estimates of the final model are presented in Table 4 . Typical PK parameter estimates were described with the equations presented in Table 5 .
According to the equation, clearance was 214, 169, 150 and 142 mL/h/68 kg for a typical patient (with blood group non-O undergoing a minor surgical procedure) with an age of 5, 20, 40 and 55 years, respectively. In case of a major surgical procedure, a small decrease in CL was observed of 7% (Table 4) . Interestingly, individual post hoc clearances were higher in patients with a major surgical procedure ( Figure 3B ). This was, however, explained by collinearity between covariates; older patients underwent more major surgical procedures (Figure 4) . Clearance increased by 26% in patients with blood group O. CL and elimination half-life are depicted as functions of age and body weight in Figure 5 .
The adequacy of the derived final model is shown in Figure 6 . Population and individually predicted concentrations for all patients were plotted against the measured concentrations in Figure 6 . A good agreement was observed between FVIII concentrations predicted by the model and those assessed by laboratory measurements. Overall, standardized weighted residuals revealed a random distribution around zero, within a range of -2 to +2, indicative of an unbiased estimation ( Figure 6C ).
Model evaluation: a good agreement was found between parameter estimates of the final model and parameter estimates of the bootstrap analysis (Table 4). A visual predic-
A perioperative population pharmacokinetic model haematologica | 2016; 101 (10) 1165 Figure 4 . Clearance of FVIII in major and minor surgical procedures after stratification for age. Post hoc estimates of FVIII clearance, normalized for total body weight, and stratified for age (<4 years or >4 years) were categorized according to severity of surgical procedure. *A Spearman's correlation test was performed to test for clearance differences between major and minor surgical procedures. The median age of children included in the study was used as cut-off value for analysis. This was supported by results of Figure 5A .
tive check was conducted by 1000 simulations based on the final model ( Figure 1 ). It confirmed adequateness of the model, as 7% of the measured concentrations were calculated above the 95 th percentile of the simulated concentrations and 9% of the measured concentrations were found to be below the 5 th percentile of the simulated concentrations.
Discussion
In this study, a population PK model was constructed describing the perioperative PK of several FVIII concentrates in current use. The majority of these factor VIII concentrates were FVIII recombinant products (77% of surgical procedures), of which 14% were a B-domain deleted FVIII concentrate, as well as plasma-derived FVIII concentrates (23% of surgical procedures). In the population PK model, a difference in results due to the B-domain deleted FVIII concentrate (Refacto AF ® ) was accounted for. No other differences were observed between products. As this difference is incorporated into the population PK model, this perioperative FVIII population PK model can be used for all described FVIII concentrates. The developed model will facilitate Bayesian adaptive dosing, allowing individualization of FVIII dosing during the entire perioperative period. So far, only a few studies have reported application of PK-guided dosing during the perioperative period. Unfortunately, in all these studies, only the FVIII loading dose was based on an individual PK-profile obtained several days before surgery. [30] [31] [32] [33] [34] [35] Iterative perioperative FVIII dosing-adjustments after first loading dose could not be performed as there was no population PK model. The perioperative population PK model presented here will now make Bayesian adaptive dosing in this setting possible. Moreover, it will consider all important patients' characteristics associated with clearance in the surgical setting.
The model presented here consists of a two-compartment model with allometric scaling of the PK parameters according to body weight. Both increasing age and increased severity of surgical procedure were overall significantly associated with a lower FVIII clearance, although individual clearance rates showed that patients with a major surgical procedure did demonstrate higher clearance rates. This contradiction may be due to the fact that included covariates in the PK model were confounders, e.g. older patients with a decreased CL of FVIII concentrate underwent major surgical procedures more often than younger patients. Also, increased consumption of concentrates due to blood loss and activation of coagulation are other possible modifying factors. In addition, blood group O was associated with higher FVIII clearance, which will be discussed in the following sections. Although it should be underlined that this population PK model represents an important development, it is important to realize that it does not account for pharmacodynamic outcome measures, as the occurrence of a bleeding complication could not be related to actual FVIII plasma concentrations due to scarcity of FVIII plasma concentrations during an acute bleeding event.
As in most resource rich countries, current perioperative replacement therapy in hemophilia A in the Netherlands consists of a FVIII loading dose followed by either contin- 
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uous FVIII infusion or treatment with FVIII bolus infusions while targeting predefined peak and trough FVIII plasma concentrations, as stated in the National Hemophilia Consensus. 3 The retrospective study performed to collect data for this PK model has been described earlier. 9 Results show the challenges of current perioperative dosing of FVIII replacement therapy in daily clinical practice when targeting prescribed FVIII plasma concentrations, as significant underdosing and overdosing were demonstrated. Moreover, it underlines the necessity of alternative more individualized dosing strategies in the perioperative setting; this is possible when PK-guided dosing based on a population PK model is applied.
PK-guided dosing based on population PK models has mainly been studied in the long-term prophylactic setting. However, in order to apply Bayesian adaptive dosing, it is necessary to utilize a population PK model appropriate for the individual patient and the specific setting concerned. In analyses preceding the construction of this perioperative population PK model, it was confirmed that the mean estimated PK parameters for prophylactic dosing, as reported by Björkman et al., 12 did not reliably predict observed perioperative FVIII plasma concentrations. Using the prophylactic model, calculations showed an underprediction of perioperative FVIII concentrations of less than 1.00 IUml -1 as well as an overprediction of FVIII concentrations of more than 1.00 IUml -1 . In other words, actual FVIII plasma concentrations were respectively higher and lower than those predicted by a prophylactic population PK model (data not shown). Therefore, it was concluded that prophylactic population PK models can not be applied in the perioperative setting. Use of the prophylactic model in this setting would generate a bias of predicted perioperative FVIII plasma concentrations.
In the prophylactic setting, a similarly constructed population PK model has already been applied. 12 CL, V1 and Q were actually in accordance when a comparison was made between perioperative and prophylactic PK population model (CL: 150 vs. 222 mL/h/68 kg; V1: 2810 vs. 3520 mL/68 kg; and Q: 160 vs. 256 mL/h/68 kg, respectively). However, in the present perioperative model, a value of 1880 mL/68 kg was found for V2 in contrast to a value of 240 mL/68 kg found in the prophylactic situation, suggesting a rapid redistribution of FVIII concentrate following intravenous administration. 12 Due to increased V2, calculated distribution half-life and elimination half-life are significantly larger (as half-life is a derivative of the distribution volume) in the perioperative setting in comparison with the prophylactic state (4 hours and 25 hours vs. 0.6 hours and 12 hours, respectively). These calculated halflifes are in accordance with previously described half-life observed immediately after surgery and half-life observed at steady state of 10 surgical patients described with a surgical model (9.6 and 17.8 hours, respectively) in comparison to 10 surgical patients described with an estimated half-life of 10.1 hours described with a non-surgical model. 15 Unfortunately, the rapid redistribution was not quantifiable, due to minimal data of laboratory assessment after infusion. Previously, it has been suggested that V2 may reflect the FVIII distribution into extravascular spaces or within an intravascular compartment, more specifically as a reflection of adhesion to the vessel wall, or that it may reflect the process of a rapid initial elimination. 36, 37 We hypothesized that an extra intravascular component resulting in a large V2 may be the result of the high affinity and stoichiometry of FVIII to VWF, 38 combined with the significant increase of VWF after surgery due to inflicted endothelial damage and its role in the acute phase reaction. 39 In addition, Deitcher et al. have shown that volume of distribution increases after desmopressin administration, which, of course, results in an overall increase in VWF levels. 40 Moreover, we believe that VWF may play a crucial role in the perioperative setting with regard to FVIII PK parameters, as previous studies have demonstrated a clear association between VWF plasma concentrations and FVIII halflife. 41, 42 This is not surprising, as VWF protects FVIII against proteolytic degradation by expression of ABH antigens on N-linked glycans and the uptake of the copper-binding protein ceruloplasmin. 43, 44 In addition, it has been shown that, in healthy individuals undergoing orthopedic surgery, VWF decreases significantly intraoperatively and rises immediately after surgery. 39 Therefore, we suspected a time-dependent FVIII clearance in the presented PK model, with an increased clearance during the surgical procedure itself and a decrease in clearance directly after surgery. However, no time-dependent clearance could be established. Unfortunately, it was not possible to investigate the role of VWF plasma concentrations in our analyses in more detail, as VWF measurements are currently not routine practice in the perioperative setting and only historically measured VWF plasma concentrations were available in half of the study population. However, a 26% higher clearance rate was observed in blood group O patients in the perioperative setting, underlining the potential importance of measurement of VWF plasma concentrations in the perioperative setting if PK-guided dosing is implemented. This is supported by earlier reports that blood group O patients have around 25% lower VWF levels in comparison to patients with blood group non-O. 43 Strikingly, this effect of blood group on clearance was not significant in the prophylactic population PK model as shown by Björkman et al. 12 However, we are not informed if VWF levels were available for those analyses. In contrast, higher VWF levels may also help explain the unexpected overall lower clearance found in patients undergoing major surgical procedures. The ongoing prospective randomized controlled "OPTI-CLOT" trial (RCT) (described in more detail elsewhere) 45 will provide, among other things, an insight into the pathophysiology of VWF in hemophilia patients during the perioperative setting, and the relationship between VWF levels and estimates of FVIII PK parameters. These data will further validate the perioperative PK population model presented here, refining its applicability, and further defining the influence of possible modifying factors of PK parameters. Moreover, extending this population PK model, in combination with extended half-life (EHL) products in the near future could be of great value. However, first of all, studies are needed to document in detail associations between clearance of current FVIII products and EHL products within individuals.
Clinically, in the perioperative setting, adaptive Bayesian dosing can be used to optimize and individualize dosing in order to obtain desired target FVIII plasma concentrations with increased certainty. Bayesian analysis combines individual PK data with information from an available population PK model. Such a population PK model is constructed from PK data of many individuals, and not only embodies defined patients' characteristics known to influence clearance and other PK parameters, but also as yet unidentified patients' characteristics which cannot be quantified. Individual patient information that is entered into the model must include dose and time point of factor concentrate administration, as well as the FVIII plasma concentrations achieved. Incorporation of the patient's body weight, blood group, age and severity of surgical procedure will improve estimation of the individual clearance of factor concentrate. In clinical practice, individual clearance and other PK parameter estimates can be made by a clinical pharmacologist experienced in this methodology and iteratively updated, leading to calcu-lated dose adjustments. We are currently planning to develop a PK tool to implement this perioperative population PK model in daily clinical practice. The first dose of FVIII concentrate, still in steady state, will be based on individual PK parameters deducted from an individual PK profile constructed according to the prophylactic population PK model. As we were not able to demonstrate timedependent changes in PK parameters during the perioperative setting, the perioperative population PK model described here can be applied to the complete perioperative period with varying target FVIII plasma concentrations, as described by National Guidelines.
In conclusion, we have constructed a perioperative population PK model facilitating iterative dose-adjustments by Bayesian analysis. We believe this model will prove its value as it will lead to optimization of current dosing strategies by reducing underdosing and overdosing, and, therefore, both a decrease of bleeding risk and an expected overall reduction of factor concentrate consumption with a subsequent reduction in costs. 
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